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SUMMARY 

An evaluation test of a typical transpiration cooled turbine blade was 
perfomod on the canbustion chamber sector rig, prior to engine testing, 
in order to evaluate the coolant requirements of high temperature operation. 
A total of one hour and forty-five minutes at gas temperatures of 21.00°? 
or highar was accunniLatcd with two porous tast blade assemblies during 
this combuotor sector rig testing.    Of this time,  the blades were tested 
for fifty-ono minutes at gas temperatures of 2800oF,    The results ob- 
tained jfbmonstrate the ability of the blades to operate in an environment 
of turbine inlet temperatures of 25to00F and higher. 

Cascade tests ware conducted to determine the contamination effects of 
J?-l; exhaust produote on porous blade airfoils.    These tests revealed, 
after fifty hours of test, that no significant contamination occurred for 
a porous material with aecrmeability of K/t - 5 x lO'^ ft. in a tempera- 
ture environment of 1600 F, 

Fall scale engine tests of transpiration cooled turbine rotor and stater 
blades were successful up to average turbine inlet temperatures jus-; 
under 22C0oF.    Inability to complete testing up to 2500oF was the result 
of premature and xuiexpected failure of an engine test rig component which 
destroyed the utility of the turbine rotor stags.    In spite of the test 
rig railuro the c::collcnt condition of the transpiration air cooled 
etator blades, i;hich had been subjected to temperature peaks estLmabed 
to bo bet-.reen 2800oF to 3CGD0F, and inspection of the undamaged portions 
of rotcr blades, indicate that operation at average turbine inlet 
temperatures of 25>00oP is possible. 

Cooling air flow to the rotor blades was h% as prescribed in the design 
(25)00oF) requirements which test results showed was more than sufficient 
as ovorcooling was evident on sons areas of the blades.    In the stater 
blades less than k% cooling air flow was used in the tests conducted, 
with temperature peaks e:qporionced up to 30000F,   Based on these results 
it is indicated that less then k% cooling aLr may be required for opera- 
tion at an average of 25>000F. 

With the proscribed cooling air flows the designed maximum skin and strut 
temperatures of 16000P and 1200oF, respectively, were not exceeded as 
indicated by material conditions observed after full scale engine testing« 

vii 

C "I 



0 
D 
D 

0 

D 
;] 
D 
D 
: 

D 
D 
D 
D 
D 

D 

CONCLUSIONS 

1,    Contamination of tho porous sld.n airfoils by JP-U exhaust prodixts 
is not slgnüloaab enough to appreciably affect the coolant flew, 

2«    The engine tzzt results, uhorsin stator blades operated satisfac- 
torily in tc-äperaturo envlroxirr^nts in the rcnee of 2800°? to 30000F 
(poalc tCTporaturos), indicato that the feasibility of transpiration 
cir cooled etator blados is established, 

3,   The danonatratlon of tho feasibility of employing a transpiration 
air cooled rotor stage up to 2500oF average turbine inlet terpera- 
tul^^ vas not acoerolished, bscause of test rig failure.    Koysver, 
inepectica of tho rotor blados after operation at 2200°? clearly 
indicates tha cbility of this tj^s of cooled blade to operate in 
tc:,.poratura onviror^ianta of 2S>00°F, and above« 

1;,    Kot gas flow tosts on a transpiration air cooled blade configuration 
indicates that the heat-transfer theory used in the design of the 
blados is adequate. 
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RE00MMEMHATION3 

1. I^jclcsicn turbine chroud of test vchlclo. 

2« Rovlee locctlon of conrprossor blead air for stator coolant air 
flow. 

3» Continw tho ©n^ina tost progrcn to demonstrate oporation at 
2500oF avorago turbino inlot toc^poratare. 
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DISCUSSION 

A«    Transpiration Cooled Blade Rip; Test 

An evaluation test of a typical transpiration cooled turbine blade 
was performed on the corribustion chamber section riß in order to 
evaluate the coolant demand at high temperatures. 

A transpiration cooled turbine blade was installed on the rig with 
the upstream coolant pressure set at 35 psi.    The downstrea-i pres- 
sure  (static pressure of gas around blade)  was,  in this test, the 
ambient pressure.    Readings of coolant upstream pressure level 
and volume flow were taken for twenty-five separate points of ^ P 
across the skin varying from 3^ psi to zero.    Ths coolant was ambient 
air at a temperature of li0oF.    Table VI-I develops the calculation 
of the actual weight flow at each point. 

Figure VI-I  shows  the variation of the  average effusion rate with 
across the blade wall»    This average was obtained by dividing the 
total actual weight flow to the blade (lb/sec)  by the total porous 
surface area.    The calculated wall temperature for the new blade 
skin varies between.lB^O0? and l500oF for effusion rates between 
.1 and ,3 Ib/sec-ft .    This curve is convonient for rapid deter- 
mination of the upstream coolant pressure levels required to obtain 
a given effusion rate, 

Vail temperatures were approximated by comparing the color of the 
blade during test with color charts for alloy steel.    The values of 
temperature so detorminod compare favorably with theoretical cal- 
culation runs made during the heat transfer design.    For example, 
the motal color at point 17, Table VI-I, corresponded to a tempera- 
ture of 1050oF on the color chart.    At this point the average 
effusion rato was  .220 Ib/sec-ff-»Table VI-II,    This rate through 
a porous surface at k/t «• 1 x 10      feot and ,031 inches thickness 
would yield temperatures between lliS>0 F and 15500F.    However, the 
air in the rig test was at least 350oF cooler than it wculd be in 
the engine, which reaffirms the validity of the 1050oF observed. 

Coolant bleed above one and one half (1,5) percent in the plot in 
Figure VI-2 is dotted because the color of the metal surface during 
test was not noticeably different from what it was at room tempera- 
ture«    At these points comparlsori of the measured effusion rates to 
theoretical rates was the only means of dfjtermining temperature. 
The test points at which no color change was apparent were.Nos. 1 
through 13.    The pressure difference across the wall was maximum at 
Point 1, and was reduced in increments of two (2 ) to two and one 
half (2.5) pound per square inch.    It may well be that the metal 
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temperature drops more sharply than is indicated by the dotted part 
of the curve in Figure VI-2, An expeditious way of determining the 
metal temperature in this area would be by installing a thermocouple 
in the strut. Despite the fact that there may b3 a 200 - 300°? dif- 
ference between the strut and skin temperatures, the measured strut 
temperatures would give positive indication of any major changes in 
the skin temperature. 

M Figure VI-3 is a graphical determination of the exponent "n" in the 
relationship, ^V «> C^i?^2 - ?e )n,  where /^ V is the effusion rate 
(O) mentioned previously. The value of ,589 obtained is reasonable 
as compared to the ,62$ value suggested by the manufacturers of the 
porous material "Poroloy." Figure 71-h is a drawing of the test 
blade assembly and Figures VI-$ and VT-6 are  photographs of two 
blade assemblies after test. 
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B. Porous Blade Contamination Test 

Tests were conducted on transpiration cooled turbine blades to 
determine the contamination of JP-h  exhaust produces on the porous 
blade airfoil. These tests were performed on a small-scale burner 
rig simulating engine conditions as closely as possible with the 
exception of rotation. 

A total of oixty-ono hours of testing was conducted with fifty hours 
of enduranco tosting at l600oF on one blade with no cooling air being 
passed through the porous airfoil. Flow checks were made en the 
blado at tho beginning of the test and at interval« of ten hours of 
running or loos. Initially flow checks were made tit smaller intervals 
of timo, but changes in flow rate due to any contamination, if any, 
that the equipment utilizod to measure flow could not detect any 
changes. Even the flow checks measured at the larger intervals of 
test time, normally tan hours, indicated only slight decreases which 
wore quite cloco to the limits of accuracy of the i'ecording instru- 
ments. 

Results of tho data obtained are plotted on Figure VI-7. As can "03 
ceen on Figure VX-7(a), tho loss in pressure drop through the porous 
skin wae approximately 2,8 inches of water, after fifty hours of 
test, which is considered negligible. Design of the metering ori- 
fices for a tranepiration cooled turbine blade canrot be held to 
this accuracy, Tho loss in air flow resulting from what contamina- 
tion did occur in tho fifty hours is plottad on Figure VI-7(b), 
The loss in flow indicated is such a minute quantity that it can be 
noglcctsd as variations in the permeability of porcus material fraa. 
production runs would result in greater flow rates changes from 
piccj to piece, 

Tho results obtained in testing porous airfoils in the exhaust 
products of JP-li fuel, at l&M-P for "Poroloy" material with a 
permeability of K/t ■ 5 x 10"10 feet, tt appears that contaminatica 
of the transpiration air-cooled porous airfoil is negligible. 
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Testing o£  the transpiration air cooled turbine fitator and rotor 
blades was directed toward demonstrating the feasibility of trans- 
piration air cooled turbine blades at an elevated turbine inlet 
teinperature averaging 2500oF. 

1« Ccmpressor Calibration 

Prior to testing the transpiration cooled turbine a calibration 
of the nodificd comprocoor was necossiary to ascertain that it 
would matoh the rodocignod turbine. The standard J-65 tvo stage 
oolid blaclo turbine was used to conduct this test. Although, 
this combination of the standard turbine combined with the modi- 

_. ficd conoroscor wore not matched to each other, they wore clos« 
enough to caticfactorily check out the compressor. Initial 

^ tooting indicated that the compressor woight flai^ was too high. 
Adjustment of tho variable inlet guide vanes, incorporated into 
Otho oomproosor, corrooted tho weicht flow and gave the co-.pros- 

sion ratio doeigned to match the new 25000F turbine. 

Tho only difficulty encountered in the compressor checkout tests 
was that tho  normal shaft critical speed that exists at 6000 rjn 
waa moved up clooor to tho design speed. In order to provide a 
greater rcnga of cpeed operation near tho new design point, 
weight- v?.3 added to tho compressor to lower tho critical speed 
back to epproximatoly 6000 rpm. 

Instrumentation of tho first two compressor stages was made to 
obtain vibratory strcoa lovcls on the blades during tost. Strt-ss 
levola recorded during those toots wore well belcw tho allowable 
levels, end thoro waro no indications of stall or surge in the 
ren;-o of operation anticipated for 2500oF turbine inlet tempera- 
ture operation« 

2« Trenmiration Cooled Turbine Blada TeetLng 

Testing of tho transpiration air coolod turbine rotor assembly, 
ohown in Figure VI-8,Canu tho transpiration ooolod turbine stator 
blades)ocneiated of tho program listed in Table VI-IH. 

r-, Tho initial tests vrero oonduotod to oheok cooling air flows, 
tcr^poreturo dletribution in tho combu:ition chamber, and general 

^ toot rig operation at rolativoly low turbine inlet tomporaturoa 
Difficultioo were onaountorod with blades fabrical^jd with tho 
Riglnosh poroua airfoil material. Upon attaining a little above 
53'^ dosign epood one of the Rigimosh airfoils separated from the 
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blade supporting strut. Inspection of the blade revealed that 
poor brazing existed on the porous material due to oxide films 
in the porous material fibers. Replacement of the blade was 
made and further testing was carried on. In the next series of 
tests conducted loss of another Rigimesh porous airfoil occurred 
Just above 80^ speed (60^0 rpm), Figures VI-9 and VI-10 shows 
the blade with the missing airfoil, and the minor resulting 
secondary damage to the remaining rotor blades. No damage was 
incurred to the transpiration cooled stator blades or any other 
engine component. Inspection of this blade also revealed poor 
bonding of the braze to the Rigimesh porous material, due to 
oxide films. It was decided at this time to replace all the 
blades made from Rigimesh material, approximately $Qn   of the 
wheel, with blades made from Poroloy material. 

During this initial testing it was also noted that the turbine 
rotor shroud was distorted. The cause of this was believed to 
be that the fabricating vendor had not properly stress relieved 
the part after welding. As a result of this distortion higher 
tip clearances existed. 

In the next series of tests with higher turbine inlet tempera- 
tures, ranging from l850oF to 2000°?, the loss of another air- 
foil occurred. Tills blade was replaced and testing was continued 
to design speed, 7!-:60 rpm, with a turbine inlet temperature 
average of 2100°? or above. This point was set the next day and 
shortly after stabilizing, an increase in vibration was indicated 
along with a surge in exhaust gas temperatures.  Inspection of 
the engine after shutdoxm showed that the stator blades were 
burned at six points, and had seriously damaged all the rotor 
blades. Figures VI-11 and VI-12 show the transpiration cooled 
turbine stator assembly.  It can be seen or these photographs 
that there are six definite burned areas resulting from combus- 
tion chamber "hot spots".  It also can be noticed on Figure VI-11 
the four double cooling air lines supplying the exhaust duct 
cooling air. These four bleed air lines tie in directly to the 
location of four of the "hot spots". The ether two "hot spots" 
are also directly in line with the two bleed points for stator 
blade cooling air. It is quite apparent that these cooling air 
bleed stations created the six torching areas in the combustion 
chamber, and starved the secondary air liner cooling supply in 
these areas. 

Further investigation also revealed that the stator air cooling 
supply was not up to design requirements, as can be seen on 
Figure VI-2Ua, Unfortunately late delivery of the stator air 
pressure boost pump did not permit a verification test of the 
vendor calibration results, and the pump was used directly. 
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As a result of the torching condition in the combustion chamber 
and the burning through of the stator blades the rotor assembly 
was damaged beyond repair. Figures VI-13 and VI-1U show the 
damaged incurred on the turbine rotor assembly, 

A close-up view of the burned stators is shown in Figure VI-lS« 
Figure VI-16 shows the typical secondary damage done to the 
remaining stator and rotor blades. It can be noted that the 
condition of the blades in the areas undamaged by secondary effects 
is quite good. 

Closer observation of the blades revealed that excessive cooling 
was occurring on the suction side of toth the rotor and stator 
blades. In the theoretical heat transfer analysis discussed in 
Section I, Volume I of the report the pressure distritution around 
the blade periphery was determined by the use of an analog. 
However, due to the fact that this was an entirely new turbine 
design only one section, the mean section of the blades, was 
analyzed in this manner for chordwise pressure distribution. As 
the spanwise pressure profile was assumed to obtain the chord- 
wise pressure distribution without any background on this 
particular turbine it was felt that the accuracy of any pressure 
profile dotcrmined by the analog method would be highly ques- 
tionable at any other section than the mean. 

In order to improve the cooling air distribution on the blades 
.it was felt that masking of the blade was necessary in the areas 
that appeared to be receiving more than the required amounts of 
cooling air. The method evolved to mask these cooler areas was 
by utilizing a metal spray technique generally known in industry 
as "metalizing".  By this metalizing technique it was possible 
to mask the desired areas and distribute cooling air to the 
hotter portions of the blade. Laboratory checks of these 
ir.otalized areas showed that the areas were still somewhat porous. 
Again time did not permit a detailed study, but an investigation 
in the future would be of value to possibly use this method to 
obtain variable permeability over the blade airfoil surface area. 
Figure VI-17 shows a stator blade that has been metalized on the 
suction side at the root of the airfoil. 

In order to conduct further testing it was necessary to use tha 
'Rigimosh' rotor blades. As discussed previously all of these 
blades had been removed from the rotor assembly as the bond to 
the porous airfoil was questionable due to the dirtiness of the 
porous material. Plug welding of the porous airfoil skin to the 
blade strut was attempted as a means of salvaging these blades, 
as shown in Figure VI-18, It can be seen in this figure that 
the plug welding created dimples in the airfoil surface that 
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would disturb tho turbino aorodynamics.    Eovever,  it was felt 
at this tina that this was the only way further testing could be 
conducted.    Although engine performance would suffer, the objec- 
tive of demonstrating the feasibility of transpiration cooled 
turbine blades at elevated turbine inlet temperatures could 
still be attained.    Metalizing at the root section on the suction 
side of the rotor blade was also done to improve cooling air 
distribution, and is also shown in Figure VI-18, 

Another modification mado was to utilize external cooling air 
for the stator blades and exhaust duct to eliminate the uneven 
mass flow through the combustion chamberv    basically the six 
esTtrcmoly "hot spots" which caused the failure of the stator 
blades.    This could have been corrected by modifying the method 
of bleeding this cooling airj but again, time did not allow the 
incorporation of the necessary modifications for better distri- 
bution of cooling air bleed.    The source of external cooling air 
bleed was portable 600 EM constant displacement compressors. 

The engine test program was terminated because as the rated speed 
point was being set at approximately 2200°? turbine inlet tempera- 
ture, engine surge was noted, indicating an engine component had 
fdlcd.    Inspection of tho engine, after shut-down, showed the 
turbine rotor shroud had broken loose from the engine casing, and 
it was resting (wrapped around) the turbine rotor stage.    The 
turbine blade tip areas showed signs of severe tip rub.    The 
airfoil skins of two turbine rotor blades were completely torn 
looco,   and damage was noted on the remaining airfoils.    An 
analysis of the damaged rotor.  Figure VI-IS*,  shows that the blades 
were running relatively cool, and discounting the secondary 
demage, vrare in excellent condition considering the severe con- 
ditions encountered.    Figure VI-20 shows the turbine shroud, 
after it was removed (unwrapped) from the rotor stage.    Analysis 
of the part indicated failure was caused by^ primarily, faulty 
welding of the shroud.    While this was the immediate cause of the 
failure,  the extreme distortion of the  shroud noted in previous 
running leads to the belief that the true cause of failure was 
the improper heat treatment of the shroud.    As the temperature 
level of the engine was increased, the distortion increased, until 
finally the attaching lugs failed, loosening the  shroud from the 
engine casing. 

Inspection also revealed that the condition of the transpiration 
cooled stator blades after these tests was excellent, and they 
only suffered minor secondary danage as can be seen in Figure VI-21« 
The effectiveness of the masking of the blades at the root section 
on the suction side was definitely proven by the condition of the 
blades by the apparent change in cooling air flow to the more 
critical areas of the blade airfoil surfaces» 
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^ Analysis of data obtained daring the testing of the transpiration 

cooled turbine blades show that the average  turbine inlet 
□temperatures attained were over 2100oF as shown on Figure VI-22, 

along with the exhaust gas temperatures recorded.    Tests were 
also conducted without a variable area nozzle and the turbine 

T~] inlet and exhaust gas temperatures obtained during these runs are 
^j plotted on Figure 71-23.    The basic pxupose of the test with a 

•wide open exhaust duct was to check out basic engine test rig 
operation. 

D 
: 

3 
: 

o 
D 
n 

a 
n U 

0 

The total test time accumulated was 11 hours and Ii7 minutes of 
which one hour was above 10000F and thirty-five minutes were 
between 2000oF and 2200 F. 

The cooling air flows to the rotor and stator blades are plotted 
□on Figure VI-2lu    As can be seen on Figure 71-21^ the stator 

cooling air supplied through the boost compression is below the 
required design coolant flow of h%»    Also in this figure is the 
quantity of external coolant air flow used in the latter tests 
after discontinuation of engine bleed air.    Figure 7I-2i;b shows 

>—» the rotor blade cooling air flow.    As can be seen the quantity 
of air flowing to the rotor blades was very close to the pre- 

ri scribed design cooling air flow to the rotor blades.    Although 
(J the external cooling air flow to the stator blade was not to 

the percentage design requirements the difference is made up by 
n the fact that the external cooling air is at a much lower te-rpera- 

„ture as shown on Figure VI-25.    Figure VI-25 also shows the 
temperature of all the various air temperatures in the engine 

l test rig.    It can be seen that the temperature rise of the stator 
cooling air is greater than the rotor cooling air due to work 

LJ performed by the boost compressor in increasing pressure. 

The compressor weight flow obtained during the transpiration 
cooled turbine blade testing is shown in Figure VI-26,    As 
discussed previously the compressor was tuned to match the 
transpiration cooled turbine design, «Djid apparently car.e quite, 
close from the limited data obtained.    Unfortunately, loss of 
instrumentation during testing limited the amount of engine 
performance data sufficiently so that a thorough engine pe2> 
formance analysis could not be made.    Also the fact that the 
excessive tip clearances,  created by the turbine shroud distor- 
tion, that occurred in the early phases of testing would give 
results unfavorable to overall engine test rig performance. 
Figure VI-27 does show some of the basic engine data obtained 
during these tests. 
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Inspection of the hot section components of -the test vehicle 
at the conclusion of the test program revealed that except for 
the turbine shroud,  all parts vere in excellent condition«    In 
particular, the combustion chamber showed only slight metal 
discoloration in spite of the 3000oF peak temperatures that must 
have existed during the first 22000F test point. 

The most significant metal temperature msasureinents were obtained 
by painting the pertinent areas with Thermocolor temperature 
indicating paints,    Temperature measurements made by this tech- 
nique showed the combustion chamber inner and outer liners did 
not exceed 12000Fj the stator supports, and atator blade airfoil 
root and tip areas did not exceed 82h0Fj and the turbine rotor 
blade airfoils root sections did not exceed 82U0F.    These 
measurements were noted at the 2200oF average turbine inlet 
temperature test points. 

Overall operation of the engine test vehicle was exceptionally 
smooth.    In particular,  the transpiration air cooled turbine 
configuration started and accelerated very smoothly.    Maximum 
exhaust gas temperatures,  on starting, did not exceed 9500F 
with the open exhaust duct configurationj and did not exceed 
13^0°? with the variable area nozzle cenfiguration.    Response 
of the engine to changes in settings (RPM and turbine inlet 
tenporature) was good and no instabilities were noted up to the 
22000F test point. 
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1 liO.5 .261 ...._3-¥3. 

-3.31U .. 

.1.857  

..1.820  

1.762 

17.0 .0212 .03?6 

2 W .21*8 16.5 

16.0 

.0205 .0370 

3 Ii3.5 .5:h 3.127 .0199 .0302 

It U0.$ .213 2.913 1.707 10.0 .0193 .0^29 

0 30.? .SOG 2.779 1.657 10.0 .0187 .031? 

6 .191 2.003 1.098 llu0 .0181 .02C? 

7 33.? ' .161 
* 

2.119 1.000 lU.o .0170 .0272 

8 31.5 .170 2.272 1.007 13.0 .0168 .0203 

9 30.? .161» 2.192 1.U81 13.0 .0162 .0210 

10 23,0 .101* 2.0^8 1.U30 12.0 .0156 .022U 

11 27.0 .U*8 1.978 l.li06 11.0 .0137 .0193 

12 20.0 .137 1.831 1.303 10.5 .0131 .0177 

13 2U.0 .132 1.76L 1.328 •10.0 .012? „»0166 

1U 23.0 .127 1.697 1.303 9.5 .0118 .Ol51i 

I* 22.0 .121 1.617 1.272 8.5 .0106 -013"? 

151 21 .113 1.0^.0 1.229 8.0 -0100 -0123 

17 20 .109 l.h06  . 1-207 7.5 -OOOli .0113 

18 19,0' .100 l.LM l-lSli 7.0 -0087 .0103 

19 18O0 .1C0 1.336 1.106 6.5 .0081 .009li 

20 17.0 .09U -    1,256   _ 1.121 6.0 .0075 .ooeii 

21 17 .092 1.229 1.109 li.5 .00<6 ^.0052. . 

22 16 -086 l.lli9 1-072 )..o -00^0 -00<1. 

23 10.0 .08!. 1.123 1.060 3.5 -OOLli .O0L7 

2U 1U.0 .078 ' 1.0U2 1.021 2.5 .0031 .0032 

25 13.0 .073 .097 .31 0 •   m • . 

Tr.blo VI»I Tabulation of Coolant Flew Paranatora - Open Tipped 
Tost Blade, ^-»STO ».07^63 ^ ; r^r^Boo'a 
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\    Point 
Number 

i   Coolant 
Presovire 

i  /LBM       P 

1     f8 

mi) 
1   pl-p? 1 ^ 

hi) 
1   Effualon 

Rate 
<5 /   tBS > 

1 % Blocd    ' 

.T-65                  < 
P*KAM£TCK*\ 1 l5ec,rT«> 

1 698U ^8,776,256 \   l4U,997,120 25,712 .770 i     3.51 

i           2 662U 13,877,376 l;0,098,2UO 22,913 .73 3.33      I 

3 626U 39,237,696 

3li,012,22U 

35,U58,$60 

30,233,088 

20,262 .685 3.12      ' 

\         h 5832 17,276 .6U1 2.92 

i        5 %hh 30,735,936 26,956,800 15,U0U .608 2.77       1 

6 $212 26,132,5Uli 

23,270,976 

1   22,353,U08 

19,U91,8U0 

12,773 .563 2.56       ! 

7 U82U 11,138 .53 2.I4I 

8 1536 20,575,296 

19,289,66U 

16,796,160 9,598 .U92 2.2U       \ 

9 U392 15,510,528 
i 

8,863     1       .h66 2.13 

10 liiou 16,6U2,816 13,063,680 7,U65 .1436 1.99      ! 

11 3960 15,681,600 ll,902,U6lt 6,801 .376     i      1.71 

12 3672 13,U83,58U 9,7011,1^8' 5,5U5 .3UU    1     1.57      ! 

13 3523 12,1J16,78U 8,667,6148 U,953 .323          1.U7 

i      1U 3381; 11,151,1*56 7,672,320 li,38l4 .299    1     1.37 

15 32UO 10,1x97,600 6,718^61! 3,839 .262 1.20       1 

;    i6    ! 302U 9,lliU,576 5,365,U1;0 3,066 .239 1.09       | 

17       i 2830 8,291.100 U,515.26I; 2.580 .220 1.00     5 

18 2308 7,88U,86l4 U,105,728 2,3h6 .200 .91 

19       | 265U 7,096,696     1 3,317,760 1,896 .183 .83 

20       1 2520 6, 350,1^00       ; 2,571,2614 1,169 .16U .71$     \ 

21        | 2UU8 5,992,70h      ' 2,213,568 1,265 .121     l .55 

22        \ 230U        i 5^108x^6 1.529.280 87l4 .105     i ,.U8      1 
.12       I 23       i 2232        i U.981.82U 1.202.688 687 .092 

21 2088         ! li,359,7üli 580,608 332 .062 .28      1 

Table TS^ZC Tabulation of Galculatod Data for Plotting Figure 
Tg  - Baromotor - 13.5 pai " 19UU paf 
"C - Skin Thioknoas - .021 Inches • .00175 Taet 
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Table VI-Til 

Cooled Turbine Blade Engine Test 

Type Test 

1. Compressor Calibration 

2, Compressor Calibration 

3. Compressor Calibration 

iu Transpiration Cooled Turbine 

5,    Transpiration Cooled Turbine 

6, Transpiration Cooled Turbine 

Conditions Remarks 

a. 3000 RPM 
b. hOOO RPM 
c. 
d, 
e. 

#)00 RPM 
6000 RPM 
7000 RPM 

Compressor weicht flow too 
high. Reset variable inlet 
guide vanes to obtain reduced 
flow. 

f. 7U60 RPM (Design RPM) 

a. Same as (1) 

a. Same as (1) 

a. Starting 
b. 2^00 RPM 
C 3ii20 RPM 
d. i|000 RPM 

a. Start 
b. liOOO RPM 
c« Acceleration 

a. Start 
b. iiOOO RPM 
c. 60?? RPM 

d. 60^0 RPM 

13 

Compressor weight flow still 
too high. 

Compressor weight flow and 
pressure ratio tuned to pre- 
dicted natch point for cooled 
turbine. 

Engine started cool. 

Inspected blades on stand. 
Good Condition. 

Normal cool start. 

Noticed spark in exhaust. 
Found Riginesh turbine blado 
airfoil missing. All other 
blade all right. Replaced 
with Poroloy blade. 

Normal cool start. 

Inspected blades on stand. 
Good Condition. 
Check point. Vibration in- 
creased. Shut down. Rigiaesh 
airfoil starting to come off. 
Removed all RLgimosh blades 
and installed all Poroloy 
blades. Found shroud dis- 
torting. 
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Type Test 

Transpiration Cooled Turbine 

8, Transpiration Cooled Turbine 

Transpiration Cooled Turbine 

Conditions 

a. Start 
b. UOGO RPM 
c. 6000 RPM 
d. 6^50 RPM 
e. 6820 RPM 

a. Start 
b. J4OCO RPM 
c. 70^0 RPM 

a. Start 
b. iiOOO RPM 
c. 7160 RPM 

Remarks 

Normal cool start. 

Inspect blades. Good condition. 
Inspect blade. Good condition. 
Inspect blades. Good condition. 
185J0

0
F turbine inlet terpera- 

ture. Install cooling water 
spray on exhaust. 

Normal cool start. 

o 
1975 F turbine inlet tempera- 
ture. Vibration up after few 
minutes.  Inspected blades. 
Found airfoil missing and three 
others damaged. 

Normal cool start. 

Design speed. Turbine inlet 
temperature above 2100*^. 
Developed oil leak. Inspected 
blades. Good condition. 

'10,    Transpiration Cooled Turbine      a.  Start 
b.  7160 RPM 

: 

n 
1 I 
Lil, Transpiration Cooled Turbine  a. Start 

b, UOOO RPM 
q c. 6500 RPM 

d. 7700 RPM Ü 

.2, Transpiration Cooled Turbine 

D 
n 

a. Start 
b. Ü000 RPM 
c. 6000 RPM 
d. 7000 RPM 
e. Acceleration 

1 ;1otal testing time; 
U 

2 
D 

11 hours and hi minutes 

1U 

Normal. 
Vibration increased shortly 
after setting speed. Inspected 
blades and found stators 
burned through at six (6) hot 
spots damaging rotors. Replaced 
all stator and rotor blades. 

Normal, 

Inspected blades. Good condition. 
Overspeed condition. Inspected 
blade.  Good condition. 

Normal. 

Inspected blades. Good condition. 

E.G.T.  surged.  Shut down. 
Inspected blades.  Found turbine 
shroud failure at weld. Damaging 
rotor blades beyond repair. 2nd 
of test. 
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TRANSPIRATION COOLED STATOR BLASE ASSEMBLY 
AFTER COMBUSTION CHAMBER TORCHING CONDITION (REAR) 

Figure VI-11 
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TRANSPIRATION COOLED STATOR BLADE ASSEMBLY 
AFTER COMBUSTION CHAMBER TORCHING CONDITION (FRONT) 

Figure VI-12 
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TRANSPIRATION COOLED TURBINE ROTOR ASSEMBLY 
SHOWING DAMAGES RESULTING FROM BURNED STATOR (REAR) 

Figure 71-13 
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FAILED BT COMBUSTION CHAMBER TCRCHIN3 AND COOLINO AIR STARVATION 

Figure VI-15 
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TRANSPIRATION COOLED TURBINE BLADES 
SECONDARY DAMAGE FROM BURNED STATCR BLASE 

Figure VI-16 
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TRANSPIRATION COOLED STATOR BLADE ASSEMBLY 
AFTER FAILURE OF TURBINE SHROUD RING 

Figure VI-21 

c —1 
35 



c 
D 

e: i 

250QOF TR.^JSPIRATION COOLED TUR3IKE 

TEST VEHICLE PiRPORMANCE DATA 

0 
G 
D 
D 

o 

o m 

: 

0) 

o 
EH 

n| 

D 

ID 
n u 

D 
0 

2800 

2600 

2U00 

2200 

2000 

1800 

1600 

UiOO 

1200 

Gas Temperatures 

With VAN 

/ 

/ 

Tiirbd .ne I] 
■ 

ilet Tenne ratuj 'e^N ̂  /, 

7 / 

/ 
/ 
/ 

^^ 
/ I 

/ 

——' 
^ 

/ 

y 
/ 

0- ^ 

V _ Exhaust Gas 
Temerature 

2000 3000 I4OOO 5000 6000 

Corrected RPM - N/ye 

Figure VI-22 

C, 

7000 8000 

"> 

36 



0 
ü 

0 
a 
a 
D 
2 
n 

11 ; 

i u 

Ü 
1 p 

!0 
|D 
jo 
: n u 

1-1 

G 

I 
Ü 

id u 
o 

-8 

2li00 

2200 

2000 - 

1800 

1600 

UiOO 

1200 

1000 

800 

JL 

2500OF TRAI^SPIRilTIQN C00LSD TURBINE 

TEST VEHICLE PERFO^fANCE DATA 

Gas Temperatures 
Without VAN 

1 

Turbir 
i'ii 

a Inlet Temperature V s 

—9  

V. 

is-j -r 

■ E :±au: t Ga 3 Te- perat N, / 
i^-ra 

\ y / 

""^~ 
-^cr 

| 

2000    3000 Uooo   $000 6000 7000    8000 

Corroctod RPM - N/ZlT 

Figure VI-23 

 37^ 

c;  



: 

G 
0 
n 
LJ   < 

U| 

D 
G 
G 
G 

U.o 

3.0 

2.0 

1.0 

1000 2000 3000 uooo ^000        6000 

(a)    Corrected RPM - N/ZT 

1000        2000 3000        Uooo 5000 

(b)    Corrected RFM - N//T 
FiCTre VI-2U 

6000 

^^ 

8000 

  
■»" 

En; P-n© I lotor Cool ins A XT     " V 
'S. ^ 

i 
i 

.^ Y' \ i 

/ 
y 

7000 80OD 

38 



0 
a 

[ 

D 
D 

a 
a 
o 
u 

D 
a 
D 
n 

a 
G 

ffl 

e 

^00 

'^ 

2g000F TRANSPIRATION CCOLBTJ TURBm 

AIR TEffERATURES 

External Stator Cooling Air 

3000 J^OO ^000 6000 7000 8000 

Corrected KPM - H/fe" 

Figur© 7I-P.5 

39 
^ 



D 
ü 

C 3 

u 
D 

0 
G 
0 

D 
G 
G 
n 
U 

G 
D 
G 
G 
D 

80 

70 

\g\ 
<2     60 

o 
o 

g 

»4 

u o 
to 
o 

o 
o 

^0 

U0 

30 

20 

10 

2^00°? TRANSPIRATION COOLED TURBINE 

CCMPRESS0R AIR FLOW 

  ^^  

2000 "3220 h000 5000 6000 7000 

Corrected RPM - N//!) 

figure VI-26 

8000 

d 
llD 



D 
a 
a 

D 

jo 
I a 

n 
u 

a 
D 
D 
u 

D. 

la 
n 

; L 

ID 

c  

«4 

LI 

M 
i 

".20 

2g000F TRANSPIRATION COOLED TUHBINS 

TEST'VEHICLE PSRFORMAJJCE DATA 

PRESSURES 

-  Pn 

2000 liOOO 6000 8000 

CORHECTED RPM - N//§" 
I" 

Ficure VI-27 

C — "    i ■ HywW 

lA 



UNCLASSIFIED 

UNCLASSIFIED 


